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Abstract 
A new digital deflection type laser differential refractometer based on the 
Snell's Law of refraction has been developed. The instrument setup relies upon on a 
novel 2f-2f design previously from Professor Chi Wu. The novel design has solved a 
traditional drifting problem of the laser beam. Using a highly sensitive position 
detector, a slightly deflection of the laser beam due to a small change of refractive 
index in the order of 10"^  RI unit can be measured. The differential refractometer is 
equipped with an analog-to-digital data acquisition system that allows a real-time 
measurement of refractive index change. By using the inexpensive thermoelectric 
module, the measurement temperature is adjustable between 15 to 50 with a 
long term stability of temperature control at 土 0.1 The dynamic range of the 
instrument is ±2.47X10_2RI units. 
The enzymatic degradation of PEO-b-PCL nanoparticles was investigated by 
differential refractometer. The present method is a novel, rapid, non-invasive and 
convenient way for real-time monitoring the process of biodegradation of 
nanoparticles via the bulk refractive index change. The extent of final refractive 
index change is directly proportional to the initial nanoparticle concentrations at 
fixed amount of enzyme. It is observed the degradation is followed by first-order 
kinetics at the initial stage via the linear relationship between - A",二�] and 
its degradation time. It is also found that the initial biodegradation rate increase with 
nanoparticles concentration when the enzyme molecules are not saturated. Our 
results also show that the initial biodegradation rate increase linearly with enzyme 
concentrations, in which agrees with our several previous studies. This work may 








50 之間可控，其長時間穩定性不太於土 0.1 °C�該儀器的最大可測量范圍爲 
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Refractometry is the determination of the index of refraction of a substance. ’ 
Refractometric measurement are always found in the chemical and pharmaceutical 
industry� for monitoring the purity and composition of substances. Refractometry is 
also extensively used in the quality control and process monitoring in food industry 
for the production of sugar, juices, wine and oil, e t c . Furthermore, sea salinity^ and 
urine concentration^ are routinely measured by refractometer. The most commonly 
used type of refractometer is the Abbe refractometer/ It is designed for steady-state 
measurement and can measure the refractive index of fluids up to 1 x lO""^  RIU. Most 
of the refractometric measurements mentioned above can be satisfied by this level of 
sensitivity. However, if we want to measure ultra small amount of concentration or 
real-time process monitoring, Abbe refractometer is incapable to suit the need. 
1.1 Differential refractometry 
Differential refractometry refers to the measurement of extremely small 
change in the refractive index^, usually for liquids or gases. Differential 
refractometric measurement is extensively used in chromatography^ or determination 
of specific increment of refractive index of solutioni�. Recently, it has found 
increasing use with more diverse applications such as, biological fluid monitoring", 
1， t o 
biological cells and tissues imaging，cancerous precursor detections and toxins in 
airi4. Real-time and in situ differential refractometric measurements are also found in 
studying the solubility process^polymerization process^^'^^, gelation process 
and diffusion process^^'^^. 
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1.2 Nature of refractive index�* 
When an electromagnetic wave is traveling in a dielectric medium, the 
oscillating electric field polarizes the molecules of the medium at the same frequency 
with the wave. The electromagnetic field and the induced molecular dipoles become 
coupled. This polarization mechanism retards the propagation of the electromagnetic 
wave. In other word, electromagnetic wave propagates slower with respect to its 
speed in a vacuum where there are no dipoles can interact with. The stronger the 
interaction between the field and the dipoles, the slower the propagation of the wave 
is. The relative permittivity s^ or dielectric constant measures the ease with which 
the medium becomes polarized and hence it indicates the extent of interaction 
between the field and the induced dipoles. For an electromagnetic wave traveling in a 
non-magnetic dielectric medium of relative permittivity s^, the phase velocity v is 
given by: 
(1.1) 
For an electromagnetic wave traveling in free space, s^ = 1 and 
V•訓={s^jd^ )~2 二 c « 3 X108 , the velocity of light in vacuum. The ratio of the 
speed of light in vacuum to its speed in a medium is called the refractive index n of 
the medium: 
n = — = JJ^ (1.2) 
V 
It should note that light propagates more slowly in a medium with high refractive 
index. The wavelength will be shorter but the frequency of light remains the same. 
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1.2.1. Concentration dependence of refractive index 
The change in refractive index of solutions as a function of solute 
concentration, also called refractive index increment, or more precisely the specific 
• * 0 ^  increment of refractive index, is defined as: 
• = (1.3) 
d C L C �r’尸’ 2 
where n and n � a r e the refractive indices of the solution and the solvent respectively, 
and C is solution concentration in g/mL. dnjdC depends on several factors, such as 
temperature, pressure and wavelength of measurement. It is an essential parameter to 
several physical and analytical techniques. For example, calculation of solute 
concentration is based on refractive index measurement in any kind of column 
chromatography.26 The value of dnjdC is also essential for obtaining concentration 
and kinetics of molecules adsorbing on surfaces through optical methods such as 
surface plasma resonance and elliposometry. For polymer characterization, the 
value of dnjdC is important for determination of weight-average molecular weight 
29 • • 
and virial coefficients of polymers by static light scattering. From static light 
scattering equation, 
KC 1 ,1 Rlq\ ， ,广 
n 叶 释 （1.4) 
where K = 4—o�dnldc�^^^ q - 4斯"sin(—). It should be noted that K has square 
K丄 K 2 
term of dnjdC. An error in determination of dnjdC can result twice of the error in 
determination of M^. 
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1.2.2 Wavelength Dependence of Refractive Index 
The most common equation that have been used to describe the variation of 
refractive index of optical material is Cauchy equation〕。： 
= ^ + 4 + 4 + (1-5) 
；[2 义 4 
where n is refractive index, X is the vacuum wavelength of light, and the three 
coefficients, A, B, C, that can be determined for a material at known wavelengths by 
fitting the equation to measured refractive indices. Usually, the higher terms are 
ignored. It should be noticed that this is an empirical relationship and the equation is 
only valid for regions of normal dispersion in the visible wavelength region. If 
refractive index n decreases with increasing wavelength X, the medium is said to have 
normal dispersion. However, if refractive index increases with increasing wavelength, 
then the medium is said to be anomalous dispersion. In the infrared and ultra-violet 
regions, a more accurate relationship is the Sellmeier dispersion^ ^ formula in which 
can deal with anomalously dispersive regions: 
?,。、 ， B.X^ B^X^ 门 
= \ + ——+ ——+ ——+ .•… （1 力） 
义 — C � 义 — C 2 ^ 一 C3 
where 51,2,3 and Ci^s are Sellmeier coefficients in which are experimentally 
determined. This relationship is more accurately models a material's refractive index 
across the ultraviolet, visible, and infrared spectrum. 
1.2.3. Temperature and Pressure Dependence of Refractive Index 
Variation in temperature and pressure causes the change in density of 
materials, especially for gases and liquids. In general, there are two equations used to 
- 4 -
related the refractive index and density. They are the empirical Eykman equation and 
the Lorentz-Lorenz equation that was derived from fundamental principles 
independently by H. A. Lorentz and L. Lorenz. 
• 32 




where Ce and Cl l are constants independent of temperature and pressure for a given 
liquid, and p is the density of the liquid. However, Eykman equation and Lorentz-
Lorentz equation give slightly different results. Fajans discovered that Eykman 
equation gives a better correlation of refractive index with temperature while 
Lorentz-Lorentz equation gives a better correlation of refractive index with pressure. 
Water has excellent resisitivity of change of refractive index of pressure and 
temperature than most of the oraganic solvents as shown Table 2.2. 
Table 2.2 Temperature and pressure dependence of refractive index for common solvents^'' 
Temperature and Pressure dependence of refractive index of solvents 
Change in refractive index with Change in refractive index with 
temperature at fixed pressure pressure at fixed temperature 
f芸](�K-i) f f ^ l ( - - ' ) 
Water -8.80 x 1.70 x 10"^  
Tetrahydrofuran -3.96 x 4.13 x 10"^  
Toluene -5.60 x lO"'^  4.80 x 10"^  
Hexane -5.42 x 10-4 7.11 x 10'^ 
Ethanol -4.04 x IQ-"^  4.56 x 10'^ 
Chloroform -5.30 x 5.20 x IQ-^  
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1.3 Types of differential refractometer 
There are three different kinds of differential refractometer in common use, 
namely deflection type, Fresnel type and interferometric type refractometer. All can 
be considered as universal refractive index detector. Their principles of measurement, 
bulit-up cost, dynamic range and sensitivity are different from each other. 
1.3.1 Deflection types of differential refractometer^^"^^ 
The deflection type differential refractometer basically measures the net 
deflection of a beam of light when it passes in succession throught two adjacent 
triangular cross-section cells as shown in Figure 1.1. When the refractive index of the 
liquid in the sample cell is the same as that in the reference cell, there is no net 
deflection of light. When the refractive indices of the two liquids are different, there 
is a net deflection. By measuring the distance of deflection，the change in refractive 
index can be calculated by Snell's law of refraction. 
n^  sin = n^ sin (1.9) 
where n^  and n^ is the refractive index of first medium and second medium 





Figure 1.1. Schematic sketch of deflection type refractometer flow cell. 
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1.3.2 Fresnel types of differential refractometer^^"^^ 
The Fresnel type differential refractometer basically measure a change in the 
amount of light transmitted through a dielectric interface between the surface of a 
glass prism and the liquid to be measured when the refractive index of the liquid 
changes. Figure 1.2 shows a schematic diagram of the flow cell. The incident beam is 
refracted by the air-glass interface toward the glass-liquid interface. The reflected 
light at the angle of 6 is discarded. A small fraction of the light is transmitted through 
the glass-liquid interface into flow cell. A portion of the light is scattered by the 
grained scatter surface then is collected by lens and focused into photodiode. Scatter 
surface is used rather than a reflective surface so that transmitted and reflected beam 
can be easily separated at the glass-liquid interface. The transmitted beam is used 
because a change of refractive index of liquid giver larger relative change then that of 
reflected light. 
For the component of light polarized with its electric vector in the plane of 
incidence, the Fresnel，s law of refraction can be written as: 
A . i J ^ ^ T (1.10) 
lo [ sin (<9 + 6>') J 
and for the component of light polarized with its electric vector perpendicular to the 
plane of incidnece, 
= i — [ t a n ( " - 叫 2 (1.11) 
lo [tan(6> + 6>')_ 
where /, and lo is the intensity of transmitted light and incident light respectively, 6 ’ 
and 6 is the angle of refraction and angle of incidence respectively. By combining 
equation (1.10), (1.11) and Snell's law of refraction (1.9), the change of refractive 
index can be calculated. 
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Collected beam 
/ \ / 
Incident beam X Prism \ / 
^ ^ ^ ^ ^ / ‘ Discarded beam 
• • • ； ••• 
I Scatter surface • 
i i 
Solvent flow 
Figure 1.2. Schematic sketch of Fresnel type refractometer flow cell. 
1.3.3 Interferometric types of differential refractomete/^''^^ 
The interferometric differential refractometer determines the difference of the 
speed of light in sample cell and reference cell by means of the interfernce between 
two light beams after passing through the cells, as shown in Figure 1.3. From 
equation (1.2), the speed of light or wavelength of light in a medium is affected by 
the refractive index of the medium. A two linearly polarized beams of light are made 
parallel to the optic axis of the detector by a lens ahead of the flow cells, are brought 
together by a lens and redirects the along the optical axis. The energy of recombined 
beam is measured by photomultiplier tube When the two polarizations are in phase 
with each other, the constructive interference gives a maximum energy. As the 
relative speed of light in the two cells changes, destructive interference can occurs 
and the energy measured is decreased. If the difference in refractive indices in the 
two cells changes linearly, the output energy will follow a since curve where two 
light beams interfere constructively and destructively with each other. 
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Sample cell 
~71 A A 7 
Light Source ^ ^ • Detector 
L V LZZZZI V V- 
Beam splitter Ref. cell Beam splitter 
Figure 1.3. Optical schematic of interferometric refractometer."^^ 
Among these differential refractometers, interferometric type gives highest 
bulid-up cost and sensitivity in refractive index measurement. The deflection type 
refractive offers highest dynamic range of measurement and lowest bulid-up cost. 
The Fresnel type refractometer is in the between of them. Fresnel type refractometer 
has a short-coming that requires a prism change to change from solvents of low 
refractive to solvents of high refractive index. Nowadays, deflection type and 
interferometric type differential refractometer is more dominated in the market. 
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Chapter 2 
A New Portable Laser Differential Refractometer for Real-time 
Measurement of Refractive Index Variation. 
2.1 Introduction 
With the co-operation with JianKe instrument limitied, a new portable laser 
differential refractometer has recently been developed in our laboratory. It is a 
deflection type refractometer which may be used in either static or dynamic mode. In 
static mode, it is used to determine the specific refractive index increment, dn/dc, 
required in molecular weight determinations by static light scattering. In dynamic 
mode, this instrument may be used as a concentration detector, for example in 
chromatography', industrial process monitoring such as fermentation in wine 
industry^ and pollutants in waste water etc.^ 
In this chapter a simple optical device that measures real time changes in the 
refractive index of liquids with a sensitivity of 10'^ refractive index unit (RIU) is 
demonstrated. The device design based on a novel I f - I f optical design in previously 
published paper in our laboratory"^ and then modified into portable and digital 
refractometer. The I f - l f design greatly reduces the effect of laser beam drifting and 
the room-mean-square noise is at least five times lower than conventional If design. 
All mechanical parts of refractometer are firmly mounted. The refractometer is 
portable, user friendly, inexpensive and having computer programmed software with 
USB connection. Figure 2.1 and Figure 2.2 shows a front view and inside view of the 
laser differential refractometer. The cover of instrument is made of black aluminum 
and size of the instrument is L90 cm x W18 cm x H15 cm. 
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Figure 2.1. A front view of the differential refractometer. 
Figure 2.2. An inside view of the differential refractometer. 
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2.2 Experiment 
2.2.1 Experimental Setup 
Figure 2.3 shows a schematic of our newly developed laser differential 
refractometer, which mainly consists of three parts, a laser light source, a temperature 
controlled refractometer cuvette and a positive sensitive detector with analog-to-
digital data acquisition system. 
1 mW Laser Diode 
Sample solution Reference solutions ^ ^ ^ 
^ ^ ^ ^ / / " " P i n h o l e 
I 
Ho Z 
^ j f^�丨 ——Thermostatic 
P\ ^ ^ Cuvette 
Convex lens 
| — 1 0 | u L 45�Quartz Prismatic cell 
yo ‘ ^ ^ ' w ^ Analog to Digital ^ Computer Reading 
Position sensitive detector 
Figure 2.3. Schematic drawing of laser differential refractometer setup. 
2.2.2 Light Source 
A ImW LDM145P/633 MaxiBrite Miniature compact laser^ is used as 
laser source. It is a laser diode module emitting a wavelength of close to 633nm. It 
is designed as a compact diode for laboratory and industrial applications. This 
laser module has sophisticated electronics to promote long life and reliable 
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performance. The main reasons for this choice is due to its superior durability and 
small in size (11mm Diameter x 44mm Length), it is an ideal replacement for 
Helium-Neon lasers in our refractometer. Also it has only 5 seconds delay time 
between laser activation and actual laser output. This can reduce the instrumental 
warm up time. Figure 2.4 illustrate the schematic sketch of laser light source. The 
laser module is fixed inside a holder in which rigidly mounted on aluminum 
supporting board. The laser diode module uses a plastic lens that can yield a 
circular spot and offer a lower divergence beam. The laser diode is allowed to 
move forth and back in order to adjust the optimum beam divergence and focusing 
range to get a nice point source of light from pinhole. The diameter of pinhole is 
400 |im. Light intensity from pinhole and the resolution of position sensitive 
detector is the main factor of consideration for the size of pinhole. 
, ^ ^ H o l d e r 
A i ^ h o l A :::………广\ 
/ V .... \ 
, ^ 人 // 丄 \\ V 6V DC 
Laser^^― U ：： • H Laser diode 1 
I 、.彻 ...A. / / 
\ •••】，••“: J 
Rod 
Figure 2.4. Laser light source. Holder is made of aluminum which is rigidly mounted on 
supporting board of the refractometer. The holder consists of a small pinhole 
with a diameter of 400 [im. 
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2.2.3 Thermostatic Cuvutte 
Figure 2.5 illustrates a schematic sketch of thermostatic cuvutte. The core of 
thermostatic cuvutte is a Hellma 590-049-QS 45® prismatic quartz cell (Figure 2.6).^ 
The quartz cell consists of two chambers, which is treated as reference chamber and 
sample chamber for measurement. The volume of each chamber is just 10 jiL. The 
cell has highly pure optical quality and excellent chemical resistance. It is the most 
expensive part for the whole instrument. 
Teflon O-ring 
Inlet Finned aluminum 
/ ^ ^ ^ ^ heat sink 
Teflon ^ / ‘ 
— NY / A \ 
Teflon ‘ 7T� Fan 
tube f • • . • . . . • . : 7 : 1 — — = T m ^ ^ . . . . . . m 
h H - Z _ 
i 丨 r:.- i 丨 丨 I 
i "•••!•••••• j i ^ j , /ji 
45^ Prismatic ....................... J 丨 画 ^ 
Quartz cell ^ I L^i^  ^ 
Copper ,,,...,... I ‘ ‘ P / Thermoelectric 
block L 万 � Z module 
I 
Laser Thermol 八丄，丄 
Z Probe Outlet 
Figure 2.5. Configuration of thermostatic cuvutte. 
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Figure 2.6. Hellma 590-049-QS 45�prismatic quartz cell*. It _ 
consists of two chambers, each volume of jHiOT 
chamber is 10 [iL. Outer dimension of cell (H 15 
mm X W 10 mm x L 8 mm), Inter dimemsion of N g 
cell (H 7 mm x W 1.6 mm x L 2.6 mm) 
The prismatic cell is surrounded by a copper block which is coated with a dark layer 
of copper oxide. The copper block has high heat capacity and good thermal 
conductivity so it is chosen as thermal conductive medium between the cell and the 
thermoelectric module. A tiny thermal probe (Figure 2.7)7 embedded into the 
copper block at the position nearest to prismatic cell for measurement of temperature. 
Each side of the copper block is conducted with a thermal electric module. Thermal 
grease is applied in between the copper block and ceramie plate (Figure 2.8) for 
better thermal conductivity. 
FN •F'^IHR^'^BIA t^fr^ ‘ f't^ A . ' A f^tf-gr-ki'/ft. ^ 
J -i. i： ••• . ..'>i - v. 
^ LI U 
Figure 2.7. Thermal Probe Analog Figure 2.8. Ceramie plate thermoelectric 
Device AD590LF. (H 6mm module (Peltier module) 
X L 2 mm x W 1 mm) 
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2.2.4 Thermoelectric module 
The thermoelectric module (Figure 2.8), also known as Peltier module^, is a 
semi-conductor based electronic component that function as a small heat pump. It 
offers a compact, stable, light in weight, precise and inexpensive temperature control 
for this instrument. A thermoelectric molecule generally consists of two or more 
semiconductor elements, usually made of p-type and n-type bismuth telluride 
(BiiTes), that are connected electrically in series and thermally in parallel. These 
thermoelectric elements are mounted between two thin ceramic substrates, which 
provide insulation and structural support and a flat contact surfaces. 
Heat Sink 
_ _ Fan 
U U U U L J U L I U Radiator 
P N P N P N  
Peltier module 
Heat Absorbed 
Figure 2.9. Direction of heat flow of thermoelectic module. 
The thermoelectric module is based on the Peltier effect^, a phenomenon 
discovered by Jean Pelier in 1834. When voltage is applied to a thermoelectric 
module, heat moves through the module from one side to another side in proportion 
to the applied voltage as shown in Figure 2.9. Therefore, one module's face is cooled 
while the other is simultaneously heated. This phenomenon is fully reversible. 
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Therefore, with a reverse in the polarity of the applied voltage, heat can withdraw 
from opposite direction. So the module can function as both cooler and heater, 
allowing precise temperature stabilization. 
It is important that the thermoelectric module requires a heat sink to dissipate 
the heat pumped by the module. Generally forced-convection or liquid-cooled heat 
sinks are used. However, a liquid cooled heat sink is bulky and required external 
connection of pipe. Therefore, a forced-convection heat sink is used as shown in 
Figure 2.10. Surface flatness is another important issue to be considered when 
making connection with heat sink. The surface between aluminum radiator and 
凰 ^ H K I m ^ Peltier module 
Figure 2.10. Configuration of thermoelectric module setup 
ceramic plate is rough. For satisfactory thermal performance, interface thermal grease 
must be applied. The fan rate is controlled by feedback interface to cope with 
different temperature gradient during measurement. The thermoelectric modules have 
no mechanical moving parts, so it is maintenance free. Also it is small, light in 
weight and has high reliability. The operation of the module is silent and the main 
acoustic noise is contributed by running fan. 
- 1 9 -
2.2.5 Inlet and outlet 
There are two inlets and two outlets for the prismatic quartz cell as shown in 
figure 2.6. Four Teflon made 0-rings were used as a mechanical buffer between 
channels of the quartz cell and the surrounding copper block as shown in figure 2.11. 
Tnlet 
= = Screw 
Copper b l o c k � 三 ~丨 丨三 
Quartz Cell 
\ 
LU L ^ Teflon 0-ring 
Outlet 
Figure 2.11. Configuration of inlet and outlet of refractometer 
The Teflon 0-rings are compressible and have high chemical resistance. The 
quartz cell inlets are connected by (0.8 mm diameter) x (4 cm length) Teflon pipes to 
a lid for injection. The lid has two female luer locks (Popper and Sons). Samples can 
be injected into the instrument by a needle with male luer lock head. After the 
injection, the luer lock can be closed tightly to prevent solvent evaporation. The dead 
volume of inlet pipe is only (兀)(0.04 cm)^(4 c m ) �0 . 0 2 cm'^. The quartz cell outlets 
also connected by a 0.8 mm diameter to a waste container. The length of the outlet 
pipe is adjustable. The lid of waste container is an air-tight HPLC distributor 
(Bohlender). The stopcocks for inlet and outlet are very important to provide an air-
tight environment for measurement. So the dissolution of external gas and the 
evaporation of measurement liquids can be greatly reduced. 
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2.2.6 Position Sensitive Detector 
A Hamamatsu S 3932 1-Dimensional position sensitive detector with C3683-
01 signal processing circuit is employed for the detection of laser light spot position 
as shown in Figure 2.12. The position detector is mounted on a single compact PC 
board, which includes a head-amplifier, signal addition and subtraction, and analog 
divider circuits. The anaolog circuit provides accurate position data on the light spot 
striking the position sensitive detector. 
/ \ 
T 
< , • 
C3683-01 Circuit J ； Active area 
J � — i 
z 丨 。 — 
S3932 1-D position sensitive detector 
V J 
Figure 2.12. A schematic of 1-D position sensitive detector and its driver circuit. The 
length of the active area L is 12 mm. Ei and E2 are electrodes. O is the 
centre position of the active area. 
If output photocurrent Ii and h are obtained from electrodes Ei and E2, then the light 
spot position x on the position sensitive detector can be found by following 
formula. 10 
x = ^ ^ (2.1) 
4 / 丨 + / 2 J 
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The position sensitive detector has resolution of 120 jim, which is adequate for our 
400 |im light spot detection. Furthermore, the circuit is not designed to cancel out the 
influence of background light. To ensure measurement with higher accuracy, the 
background light must be reduced to a level sufficiently lower than the signal light 
level. The effect of the background light can be determined by checking the output 
voltage when the laser source is turned off. If the background light level increases, 
the output voltage value will be smaller than actual value. In other words, the output 
value represents a distance from the light spot to the centre of the effective area of the 
position sensitive detector, which is shorter than the actual distance. Figure 2.13 
shows the difference of output voltage with and without background light from the 
manual of manufacture^^. The instrument simultaneously measures the output 
position signal and signal strength. The signal strength is kept above IV (2 mV dark 
signal strength is achieved in suitable light-shielding of background light). 
Voltage output (V) 
+10 ^ 
T n Z 
^ 乙 + L �2 Position X without background light 
/ ( m m ) - - with background light 
w ^ - 10 
Figure 2.13. The difference of output voltage with and without background light. 
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2.3 Basic Principles of Differential Refractometer 
Figure 2.14. shows a optical light path of refractometer.4 When both chamber 
are filled with the same solvent (i.e., Hs = no), the illuminated pinhole will be imaged 
at point O. When solvent in one of the chamber is replaced by a sample solution with 
a slight different refractive index (i.e. ns = n �+ ), the light will be deflected first 
by the glass plate, then by the cuvette wall, and finally by the convex lens. The 
illuminated pinhole image will be shifted from O to Y. 
^ 1 H ^ 1 H 
^ L • ^ • 
i ft丨i 
1 02 丨 i 
： \ ； n^  
- P ： 一 Laser 
f I - … ； 连 : 〒 仲 \ L 
^ ： ， ： ^ ^ ^ 1 1 I 
“ i 63 92 01 e 
Position Sensitive Lens Cuvette Pinhole 
Detector 
Figure 2.14. Optical path sketch of differential refractometer. One chamber of cuvette 
contains solvent with refractive index rio and the other contains solution with 
slightly different refractive index ris = « � + A". The cuvette and angle of 9, 
01, 02 and 03 are enlarged so that the light path can be clearly seen. Angles of 
e, 01, 02 and 63 are actually very small (-0.01°). 
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From Figure 2.14, 
Ax 二少1 +少2 +少3 
=C0t(i9, ) + ( 2 / - X - c ) tan(02) + 2 / tan(6>3) (2.2) 
and 
tan(i92) = f tan((93) + cot((9, ) + { 2 f - X - c ) ) (2.3) 
where c = 5 ± 0.1 mm, X = 310 ± 0.5 mm in present setup and 9 = 45®. By Snell's of 
refraction，we have (2.4) 
” �s i n ( 9 0 ° - 6 ) = 0 � + A " ) s i n ( 9 0 �- 6 - 0 , ) 
and 
O o + Af2) sin(6>i) = sin(6>2) (2.5) 
Usually, as iis - n �= An is in the order of lO" RI units, so angles of 0, 6i, 82 
and 03 are actually very small �0.01。，which allows us to make approximation that 
sin(^,) = 6>i , sin(6>2) = , tan(6>,) = , tan(以�）三没2 , tan(6>3) = . Combing 
equations (2.3), (2.4) and (2.5), equation (2.2) can be wrote as 
Ax = K -An (2.6) 
^^ instrument ^ ‘ 
where K = [X + c(l — l /n� ) ] tan (90° — 0). K is instrumental constant for a given 
topical setup, solvent, X, c, 0 and n � . The displacement from O is proportional to the 
refractive index increment An. It is obvious that larger value of X gives a higher 
sensitivity (i.e. larger value oiKmstrumen -^
Within the linear range of position sensitive detector, the output voltage is 
proportional to the displacement from O 
AV = KI)犯• Ax (2.7) 
where AV = Vx _ V。，and Kpsd is position sensitive detector proportional constant. 
Combing equations (2.6) and (2.7), we can get the relationship of 
AV = Kcai .么n (2.8) 
where K , = K ‘ K is measurable calibration constant. 
^ cal instrument PSD 
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2.4 Materials 
A series of standard sodium chloride solutions were used for calibrating the 
refactometer. Sodium chloride (NaCl) (Merck, analytical grade) was dried in oven at 
80 before being dissolved into deionized water with a resistivity of 18 M cm 
(Millipore Nanopure). Polystyrene (PS) standard ( Mw = 1.1 x 10^ g/mol) ( Polymer 
Source Inc.), poly(ethylene oxide) (PEO) ( Mw= 1.01 x lO"^  g/mol) ( Polymer Source 
Inc.), Glucose (Aldrich, analytical grade), Sucrose (Aldrich, analytical grade), 
Tetrahydrofuran (Lab Scan, analytical grade), Toluene (Lab Scan, analytical grade) 
were used as receive and without further purifications. 
2.5 Results and Discussion 
2.5.7 Instrument Calibration 
Figure 2.15 shows a calibration of the differential refractometer by a series of 
sodium chloride solutions ranged from 0.100 to 1.00 weight % with known An. From 
literature, for XQ = 633 nm, T = 25°C, the refractive index of aqueous sodium chloride 
solution may be calculated by following relationship, 
- �） = 0.1766C (2.9) 
where C is the concentration of sodium chloride solution expressed in gram per gram 
of water and the direct proportionality at least holds up to 25 wt%. The calibration 
shows that the output voltage AV is proportional to the change in refractive index An, 
AF = (390.6 ±0.4)A/7 (2.10) 
where AV and An are in the units of volts and RJ respectively. The proportional 
constant, 390.6 V, is the calibration constant Kcai of the instrument. Mechanical 
shock caused by movement of instrument will affect Kcai only by 0.5% on average. 
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This indicated that the instrument is stable and rigid. 
0.7 ^ 
0.6 - Z 〇 
^ 0-5 - Z 
I 0.4 -
^ 0 .3 - Z 
0 . 2 • , � Z 
0.1 - Z 
0 .0 ^ ‘ ‘ « 
0.0 0.5 1.0 1.5 
A n / 10-3 R I U 
Figure 2.15. Calibration curve of refractometer obtained by using a series of sodium 
chloride solutions ranged from 0.100 to 1.000 g NaCl/100 g water, which 
corresponds to a range of An from �1 . 7 6 x 10-4 to �1 . 7 7 乂 iq"^ RJ units. 
From least-squares fit, AP7 = 390.6 士 0.4 V, R^ 二 0.999 
2.5.2 Dynamic Range of Instrument 
A series of sodium chloride solutions were used to measure the maximum 
linear range of the position sensitive detector. Figure 2.16 shows the result for the 
linear range calibration. The position sensitive detector shows a good linear response 
(i.e. r2 二 0.999) within 土 9.55 V. This range of output voltage corresponds to a 
maximum measurable range of ±2.47x10-2RJ units. Above 土 9.55 V, the signal 
strength decreases rapidly. This indicated that the centre of light spot is no longer to 
strike on the active area of the detector effectively (i.e. at the edge of the active area 
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of detector). Therefore, the measured values start to deviate from the straight line. 




• 1Z I 
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-0.03 I - 0 . 0 2 - 0 . 0 1 002 003 
I A n / 1 0 ' ' R I U 
I -4-
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Figure 2.16. Linear dynamic range measurement for refractometer. The position 
sensitive detector shows good linearity within 土 9.55 V. The 
measurable range of the refractometer is at least ±2.47x10—2 RJ 
In Figure 2.16, the positive output voltage is obtained by filling the reference 
chamber of prismatic cell with pure deionized water while filling the sample chamber 
with sodium chloride solutions. As ng > n。，the light spot will be displaced from 
reference point O and give a positive output voltage. The negative output voltage is 
obtained by filling the sample chamber with pure deionized water while filling the 
reference chamber with sodium chloride solutions. As n �> ns, the light spot will be 
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displaced in opposite direction and gives a negative voltage. It should be noticed that 
the refractive index of solution doesn't always increase with concentration. For 
example, poly(propylene) in benzene, poly(ethylene) in bromobenzene and 
poly(methyl acrylate) in dibromoethane are having negative value of specific 
increment of refractive index. In the words, the refractive index of solution decreases 
when concentration of solutions increases. So the calibration of refractometer in 
negative displacement direction is necessary. 
2.5.3 Instrument Stability, Noise and resolution 
Figure 2.17 shows that the fluctuation of output voltage (V) with time is less 
than ± 1 X 10-3 V. The root-mean-square (RMS) noise 
-y/< ((V- <V >f > =-sl<V^ >-<V (2.11) 
is � 5 . 7 2 X 10-4 Y By equation (2.10)，this RMS noise corresponds to a change of 
refractive index in 1.46 x 10"^  RI units or concentration of 8.0 x 10"^  g/mL of sodium 
chloride solution. It should be noted that the RMS noise in 2f-2f design is at least five 
times lower than conventional If design. In 2f-2f design, the light spot from pinhole 
is imaged exactly on the detector along the optical axis of the convex lens. This 
configuration is equivalent to place the detector directly behind the pinhole. 
Therefore, the laser beam drifting is eliminated. 




1 0 W i l P i i i i W i i i 
> -0.002 • 
-0.004 -
-0.006 
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t / s 
Figure 2.17. Fluctuation of the output voltage (V) around the average value in 
our {2f-2f) design. The peak-to-peak noise is �2 x 10'^  V. The 
random noise is mainly caused by detector circuit itself and not by 
the laser beam drift. 
Figure 2.18 shows the temperature fluctuation of instrument at 25 By 
using the inexpensive thermoelectric module, long term stability of 土 0.1 ^C can be 
achieved. The thermoelectric module is controlled by computer. The measurement 
temperature is adjustable between 15 to 50 Above this range, the stability 
cannot be controlled within 土 0.1 It may be due to the ineffective heat dissipation 
of the heat sink of thermoelectric module. 
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Figure 2.18. Temperature stability of instrument at 25 By using inexpensive 
thermoelectric device, the long-term stability of ± 0.1 can be achieved. 
Figure 2.19 shows a long-term stability testing of position signal of 
tetrahydrofuran at 25 The baseline drifted by 2.6 x 10'^  V per hour, which 
corresponds to a 6.6 x 10"^  RI units. The baseline drifting is obtained from the 
difference between the first 1 minute average position signal values and last 1 minute 
average position signal values(i.e. <V>t=3540s to 3 6 0 0 s - <V>t=o to t=60s ). For water, the 
7 ... 
baseline drifting per hour is much smaller, which is 5.6 x 10" RI units/hr. The 
baseline drifting may be caused by solvent evaporation (solvent creeping), external 
gases dissolution or a change in resisitivity of circuit. However, when we compare 
the drifting rate between water, toluene, tetrahydrofuran and acetone, we found that 
non-polar solvent has much larger baseline drifting than polar solvent. Therefore, 
solvent evaporation may be a more important factor. 
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Figure 2.19. Baseline drifting of pure tetrahydrofuran at 25 The baseline drifted 
by 2.6 X 10-3 V per hour, which corresponds to a 6.6 x 10'^  RI units. 
2.5.4 Specific refractive index increment measurement 
Specific refractive index increment v of a solution is usually defined as" 
dn 「(>-〜）] 门"、 V =——= — (/.H) 
d C L C �71，尸’ A 
where n and n � a r e the refractive indices of the solution and the solvent respectively, 
and C is solution concentration in g/mL. v depend on several factors, such as 
temperature, pressure and wavelength of measurement. Figure 2.20 shows the real-
time measurement of refractive index for determination of v of polystyrene standard 
(Mw = 110 k mol/g) at 633 nm and 25 in toluene. 
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Figure 2.20. Real-time measurement of specific refractive index increment of 
polystyrene standard (Mw 二 110 K mol/g) in toluene at 25 and 633 
run. C is the concentration of polystyrene solution. Co is pure toluene 
reference and Ci - C5 is ranged from 1.01 - 5.00 x 10"^  g/mL. 
A series of polystyrene solutions with known concentrations was used to test 
the refractometer. The choice of this polymer is because there are already abundant of 
literature reference values as it has been studied extensively. Firstly, the reference 
chamber and sample chamber are filled with pure toluene and then sample chamber 
is replaced gradually with polymer solution from lowest to highest concentration by 
injection. The data is started to collect after the equilibrium is reached after each 
injection (i.e. the baseline is flat). It should be noticed that a sudden increase of 
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output voltage is observed during each injection in Figure 2.20. This is because the 
force of pushing syringe and the difference of cross-sectional area between the 
injection syringe and the inlet can cause a large pressure gradient. The pressure 
experienced in sample chamber is greater than that of reference chamber so that it 
causes a positive change in refractive index. 
Figure 2.21 shows a plot of output voltage against polymer concentration. 
The slope of the least-square fit is 
AI^ = (42.2±0.3)AC (2.12) 
where AV and AC are in units of volts and g/mL. By combining equations (2.10) and 
(2.12), we can get the value of v, 
r ^ U M (2.13) 
AC {ACJ [AVJ 
which is 0.108 土 0.001 mL/g. However, literature values at same conditions are 
scattered from different workers such as 0.111 mL/g 12，0.110 mL/g "，0.106 mL/g ！〜 
0.101 mL/g 15. Therefore, it is not suitable to compare with those values directly. In 
the past, most of the measurements were performed at 436 nm and 546 nm by 
mercury arc lamp. Literature values with these two wavelengths are abundant and 
doesn't scattered too much. In order to compare the measurement at different 
wavelength, a well known Cauchy equation was used for extrapolation. Assuming 
there is no absorption in the wavelength of interest, the well known Cauchy 
equation^^ for refractive index increment is given by 
c/f7 . B /o 
v =——« A + —- (2.13) 
dC A' 
where A and B are constants, which are determined by two set of average dn/dC data 
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at 436 nm and 546 nm respectively. The least-square fitting value of A is 0.1047 
mL/g and B is 0.0017 mLg''(|im)^. The extrapolated value of dn/dC at 633 nm is 
0.1088 mL/g, which shows good agreement with our measured value 0.1086 土 
0.0004 mL/g. 
0.20 - ^ ^ 
二 。 . 1 5 • 
: 0 . 1 0 - Z 
0.05 - Z 
. . . 
0 . 0 0 ‘ ‘ ‘ ‘ 
0.0 1.0 2.0 , 3.0 4.0 5.0 
C / 1 0 g / m L 
Figure 2.21. Plot of the output voltage (AV) against polymer concentration (C) 
of polystyrene in toluene at 25 °C and 633 nm. The slope AV/AC 
from least-squares fit is 42.2 土 0.3 V g ' ^ L , 0.999. 
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2.5.5 Temperature effect of refractive index increment measurement 
The effect of temperature on refractive index {dn / dT)p ^ for common organic 
solvents is in the range of -3 x lO'"^  to -6 x lO—* K'^  as discussed in Chapter 1, In our 
present instrument, a temperature fluctuation of ± 0.1 is insignificant for the 
measurement of v. Usually, the absolute variation of v with temperature \dvl dT\\s in 
the range 1 x lO""^  to 5 x lO'"^  Take the previous measurement of v of 
polystyrene in toluene as an example, given that v = 0.108 mL g"', \ dv/dT | = 5.6 x 
10-4 mL g-i K-i, Ar二 0.1 K, the percentage of error by ^v|v =[(dvIdT)lv\^T is 
only 0.05 %. This order of error is insignificant for practice use of v in molecular 
weight determination by static light scattering. 
2.5.6 Wavelength effect of refractive index increment measurement 
There is always a wavelength distribution of laser from laser source. The 
manufacture claimed that the laser diode module in present instrument can emit at 
wavelength close to 633 ± 5 nm. Again, take the previous measurement of v of 
polystyrene in toluene as an example. By using Cauchy equation at 638 nm, given 
1 2 
that A = 0.1047 mL/g and B = 0.0017 mLg" (|im) , the difference between calculated 
•638顯 and V633腦 is just 0.01% which can be neglected. Thus, this small variation of 
wavelength from laser source can be ignored in refractive index increment 
measurement. 
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2.6 Conclusion 
We have successfully demonstrated that our newly developed deflection type 
portable laser differential refractometer, which is real-time sensitive to a change of 
refractive index at level of 1.46 x 10'^ RI units or concentration of 8.0 x 10"^  g/mL of 
sodium chloride solution. Due to the good linear response of the position sensitive 
detector, we are able to measure the refractive index at the range of ±2.47x10-2RI 
units. By using the inexpensive thermoelectric module, the measurement temperature 
is adjustable between 15 to 50 with a long term stability of temperature control 
at 土 0.1 With combining the error from wavelength distribution of laser source 
and temperature fluctuation, our measurement result of the specific refractive index 
increment of polystyrene in toluene at 25 and wavelength of 633 nm is the 0.108 土 
0.001 mL/g. the result shows a good agreement with literature value. The uncertainly 
of 0.9% is acceptable for practical use in molecular weight determination by static 
laser light scattering. 
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Chapter 3 
Novel differential refractometry study of the enzymatic 
degradation of poly(ethylene oxide)-b-poly(s-caprolactone) 
particles dispersed in water 
Abstract: A poly(ethylene oxide)-b-poly(8-caprolactone) (PEO-Z?-PCL) diblock copolymer 
was micronized into small micelle-like particles ( �8 0 nm) via dialysis-induced microphase 
inversion. The enzymatic biodegradation of the PCL portion of these particles in water was 
in-situ investigated inside a recently developed novel differential refractometer. Using this 
refractometry method, we were able to monitor the real-time biodegradation via the refractive 
index change (An) of the dispersion because An is directly proportional to the particle mass 
concentration for a given amount of enzyme. In comparison with previous laser light-
scattering results, our current study leads to some direct evidences to evaluate the 
biodegradation kinetics. We found that for a given enzyme concentration, the degradation rate 
is proportional to the initial polymer concentration; and on the other hand, for a given 
polymer concentration, the degradation rate is a linear function of the enzyme concentration. 
Our results directly support previous speculation on the basis of the light-scattering data that 
the biodegradation follows the first-order kinetics. This study not only demonstrates a novel, 
rapid, non-invasive and convenient way to test the degradability of a polymer, but also leads 
to a better understanding of the enzymatic biodegradation of PCL. 
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Introduction 
Many methods have been developed for the study of biodegradation of polymeric materials, 
1 ， 1《 
such as enzymatic degradation ’ and microbial degradation _ in different environments, (e.g. 
burial in soil and immersion in soil or natural water). The polymer biodegradation has been 
examined in terms of a wide range of properties, including macroscopic weight loss,6 oxygen 
consumption and carbon dioxide emission/ scattering intensity,8 titrimetry,^ tensile strength, ^ ^ 
surface morphology,^crystallinity,^^ viscosity^"^ and molar mass,^^ to name but a few. On 
the other hand, the biodegradation of polymers in different forms, such as thin films, pastes, 
small particles, fibers and sponges, has also been tested for various purposes, including tissue 
and bone bio-engineering^^ and drug delivery. 
It is helpful to note that most of current analytical methods used for the degradation study 
are not based on an in-situ and direct measurement of polymer concentration change, i.e. the 
degradation and the characterization of remaining polymer chains are separately performed. 
For examples, Paige et al. and Rossini et al, respectively, measured the real-time 
enzymatic biodegradation of collagen fibrils and polymeric thin films using atomic force 
microscopy in terms of their morphologic changes. Wu and his associates '^^ "^"^^ developed an 
in-situ laser light-scattering (LLS) method to study the biodegradation by monitoring the 
scattering intensity change. However, it should be noted that it is not trivial to connect these 
changes to the polymer concentration change without some assumptions. Considering such a 
limitation, we have recently developed a differential refractometry method for an in-situ and 
direct measurement of polymer concentration change so that the degradation kinetics can be 
accurately and precisely measured without any pre-assumption. 
In this study, we choose a poly(ethylene oxide)-b-poly(s-caprolactone) (PEO-Z?-PCL) 
diblock copolymer to demonstrate how its enzymatic biodegradation can be investigated by 
the refractometry method. The reason of choosing such a copolymer is because we know how 
to micronize it into small particles stably dispersed in water and also because we have some 
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doubts about previous LLS studies on a similar polymer system.^ "^"^^ It has been shown that in 
comparison with a thin film ( � 1 0 0 |im), the micronization of biodegradable polymers into 
small sub-micrometer particles could speed up the degradation by lO* times or more.^ In other 
words, the micronization can greatly shorten the measurement time and provide a quick 
method to evaluate the degradability of a given polymer, which is vitally important for 
industrial research and development where time is money. 
The micronization of PEO-^-PCL is relatively easy because of its amphiphilic nature; 
namely, they can self-assemble in aqueous solution without any surfactant to form small 
micelle-like particles with a swollen hydrophilic PEO shell and a collapsed hydrophobic PCL 
core. It should be noted that in some biomedical applications, the addition of surfactant in the 
micronization could be harmful. This is why this kind of PEO-办-PCL copolymers have been 
widely tested as potential drug carriers.30，3i In the current study, besides the illustration of the 
principle of our differential refractometry method, we have focused on the polymer and 
enzyme concentration dependence of the biodegradation rate; namely, kinetics. 
Experimental section 
Materials and sample preparation: A poly(ethylene oxide)-Z7-poly(s-caprolactone) (PEO-Z?-
PCL) diblock copolymer {M^ = 3.1 x lO^g/mol and Wreo^Wpcl = 1:2) was synthesized by 
ring-opening polymerization of a prescribed amount of 8-caprolactone (CL) initiated by a 
macro-initiator poly(ethylene oxide) (M^ = 1.0 x lO* g/mol) at 130 in the presence of 
stannous octoate as a catalyst. The synthesis detail can be found elsewhere. Small micelle-
like PEO各PCL particles were prepared by a dialysis method, which is outlined as follows. 
5 mL copolymer solution in THF (5.00 x 10"^  g/mL) was transferred into a pre-swollen 
semi-permeable membrane (Spectra/For, USA) and dialyzed against an excess amount of de-
ionized water (500 mL). The dialysate was gently stirred. Water outside of the tube was 
exchanged every 8 hrs for two days. As water and THF continuously diffuse in and out, the 
solvent mixture inside the dialysis tube gradually becomes a poor solvent for the PCL block. 
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As expected, the intra-chain contraction and inter-chain association of insoluble PCL blocks 
would result in small core-shell micelle-like particles with a collapsed hydrophobic PCL core 
and a swollen hydrophilic PEO shell. The final polymer concentration of such a stock 
dispersion was 3.07 x 10" g/mL. In this study, lipase PS from psedomonas cepacia (Amano 
Pharmaceutical, Japan) was used as a biocatalyst to degrade the PCL core. The crude lipase 
PS was purified by dissolving it in a 0.1-M phosphate buffer solution. The solution was 
filtered by a 0.45-|am Millipore filter. The filtrate was freeze-dried and stored at -18 prior 
to use. The purified lipase PS is a light-yellow powder and readily soluble in water. 
Differential refractometer: A novel laser differential refractometer (Jianke Instrument Ltd., 
China) based on the Snell's law of refraction and our novel 2f-2f optical design was recently 
developed, as shown in Figure 1. In this differential refractometer, the 2f-2f optical design is 
used to overcome the unavoidable drifting problem of the laser beam. Namely, the pinhole 
(200 |im) is illuminated by a laser beam and focused on the position sensitive detector. 
Optically, it is equivalent to put the pinhole directly on the detector. Therefore, the beam 
drifting will not affect the position of the pinhole image on the detector. A small difference in 
polymer concentrations or compositions or any other properties related to refractive index 
between the two divided cells will deflect the pinhole image. In the current design, the 
precision of the measured refractive index change is close to �10.6 RI unit, corresponding to a 
polymer concentration change as small as �l O ' s g/mL. The equipped analog-to-digital data 
acquisition system allows a real-time measurement of refractive index change. An internal 
thermoelectric module is used as a built-in thermostat to regulate the temperatures of the two 
divided cells in the range 15-50 with a long-term stability of ±0.1 Note that no external 
heating bath is required for such a differential refractometer. The detailed principle of such a 
refractometer can be found elsewhere.34 The measured voltage change from the position 
sensitive detector is proportional to the shifting of the pinhole image, or in other words, to the 
refractive index difference (An) between the sample ("sample) and the reference (preference) 
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solutions/dispersions, respectively, in the two cells, i.e., 
^^ = - ^refere.ce = ^^^ (^) 
where c is an instrument constant. In the current design, c= (8.94 土 0.01) x lO'"^  Volt'^ All the 
biodegradation studies reported hereafter were done at 37.0 ±0 .1 if not specified otherwise. 
Into both the reference and sample cells, the same copolymer dispersion was added except 
that the sample cell contained a desired amount of enzyme. Each time, only - 1 0 |iL dispersion 
was injected into each divided cell. The temperature equilibrium inside the cell can be reached 
within ~1 min. The initial position of the pinhole image on the detector after the temperature 
equilibrium was used as a starting point. In this way, we can experimentally take care of the 
enzyme induced shifting of the laser beam. 
Laser Light Scattering: A commercial LLS spectrometer (ALV/SP-125) equipped with an 
multi-r digital correlator (ALV-5000/E) and a 22-mW HeNe laser (JDS-Uniphase 1145P) 
was used. The incident beam was vertically polarized with respect to the scattering plane. The 
details of LLS instrumentation and principles can be found elsewhere.^^ In static LLS, the 
scattering-angle {6) and polymer concentration (C, g/mL) dependence of the absolute time-
averaged scattered light intensity, known as the excess Rayleigh radio ( 尺 仰 ⑷ ) , o f a 
sufficiently dilute polymer solution can lead to the weight-averaged molar mass (礼)，the 
second virial coefficient (A2) and the z-average mean square radius of gyration〈及 /�as 
KM) M A J U 
where K [= A7i{dnldCfl{NA^^)] is a constant for a given polymer solution/dispersion and q [= 
(47rM)sin(^/2)] is the scattering vector with dn/dC, Na and Xo being the specific refractive index 
increment, the Avogadro number and the light wavelength in vacuum, respectively. 
In dynamic LLS, the Laplace inversion analysis of a measured intensity-intensity time 
correlation function can result in a characteristic line-width distribution(G(r)). For 
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a narrowly distributed sample, the cumulant analysis of can lead to an accurate 
average characteristic line-width〈厂〉.For a pure diffusive relaxation, F is related to the 
translational diffusion coefficient <D> by D = ( r / q ! ) " � ” � o r the hydrodynamic radius 
<Rh> by Rh = kj^T /(6717]D), where kg, T and r| are the Boltzmann constant, the absolute 
temperature, and the solvent viscosity, respectively. 
Results and Discussion 
Figure 2 shows a typical Zimm plot from small micelle-like PCL-Z?-PEO particles dispersed in 
de-ionized water at 37 in which the concentration and angular dependence of Rvv(q) are 
incorporated on a single grid. Eq. 2 shows that the extrapolation of KCjR^^ (q) ( , — � �l e a d s 
to the weight-averaged molar mass (M^). The slopes of “ [KC/R^^versus q^ “ and 
‘‘ KC I RVV、Q、\—Q versus C" result in the z-average mean square gyration radius <RG> and the 
second virvial coefficient 如 respectively. 
Figure 3 shows three normalized hydrodynamic radius distributionsX^/?) of small PEO-^-
PCL particles dispersed in water with different copolymer concentrations at 37 whereX^/O 
is calculated from each corresponding measured using the Laplace inversion 
CONTIN program in the correlator. It is clear that the particle size distribution is nearly 
independent of the polymer concentration. In other words, the dilution o f - 1 0 0 times does not 
disintegrate these stable particles, indicating that their critical micelle or aggregation 
concentration (CMC or CAC) is extremely low. It is helpful to note that it is this extremely 
low CMC or CAC that makes this kind of copolymers ideal for drugs delivery. 
The LLS characterization results of small PEO-Z?-PCL particles dispersed in water are 
summarized in Table 1. The negative value of A� indicates that overall water is not a good 
solvent for these particles even thought the PEO block is still soluble in water at 37 The 
relative distribution width ju/<r^> of G(r) is less than � 0 . 1 , indicating that these particles are 
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narrowly distributed in size. The effect of dilution on <Rh> is no more than 3%. The ratio of 
average radius of gyration to average hydrodynamic radius <Rg>/<Rh> is 0.9, slightly larger 
than 0.774 predicted for a uniform and non-draining sphere, which could be attributed to a 
swollen partially draining PEO shell or reflect that the PCL core is less compact. The ratio of 
Myv,aggregation!M v^, chain Icads to an average aggregation number (Nagg) of -900. The average 
particle density {p\ defined as as is much lower than that (~1 g/cm^) of 
bulk polymers, revealing that the hydrodynamic volume of each particle still contains a lot of 
water and the chains are loosely aggregated together, as schematically shown in Figure 4. 
As mentioned before, into the sample and reference cells, we fill in the same dispersion. 
The only difference was that a small amount of enzyme was added into the sample cell. For 
an attentive reader, the addition of this small amount of enzyme must shift the image of the 
pinhole on the detector, which is true. Therefore, we have to use this new position as our 
starting point in the in-situ measurement of An. In this way, we experimentally subtracted this 
additional enzyme influence on the position of the pinhole image on the detector. It is helpful 
to note that the refractive index {n) of a dilute solution or dispersion is additive for each 
component i n s i d e , i . e . 
_ (dn\ (d^ 
L户丑O，0 十 F^CL,0 (t = 0) (3) 
J PEO J PCL \ ， \ , 
and , � , � , � 
{ dn\ [ dn\ (dn\ 
� + Z i r C p 如，0+ — C 队 , + — C也， ( t = t ) ( 4 ) 
V ypBV J I^ V ^ ^ J dp 
where n^ is the refractive index of water, Cpeo, Cpcl and Cdp are the weight concentrations 
(g/mL) of PEO and PCL and degradation products, respectively; dn/dC\s the refractive index 
increment, a constant for a given polymer solution or dispersion, depending only on chemical 
nature but not on the polymer concentration. Note that Cpcl,o = Cpcl, T + CDP, T. Using the initial 
dispersion in the reference cell as a reference and noting that Cpeo is a constant during the 
biodegradation because PEO is not biodegradable in this case, we can define 
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= f ^ l - f ^ l 一 C尸a—/) (5) 
_V 以 I J PCL V 以 C J dp _ 
It is clear that A叫 is only proportional to the change of PCL concentration in the dispersion. 
Figure 5 shows the biodegradation-time dependence of the refractive index changes A"t at 
37 ^C with different copolymer/enzyme ratios. Note that each PEO-Z?-PCL copolymer chain 
contains 2/3 P C L in mass, i.e. C/>CL,O = (l/y)CpEo-b-PCL’Q. For a given enzyme concentration 
(5.84 X 10—4 g/mL), the biodegradation stops after �4 0 - 6 0 minutes. Assuming that all the PCL 
blocks are completely biodegraded at r -> oo , we have, on the basis of eq. 5, 
- f + l k a 。 （6) 
J PCL V"^ Jcip_ 
It should be stated that it is impossible to directly measure {dnjbecause PCL is 
insoluble in water. On the other hand, we also do not know (dnjdC)^^. However, a plot of 
A/7� versus Cpcl,q can lead to their difference. 
Figure 6 shows such a plot at 37 To ensure a complete biodegradation, each An^ was 
measured after � 1 0 hrs biodegradation, but it did not change much after 40-60 minutes. 
Indeed, Figure 6 shows that An^ is proportional to Cpcl,O. AS expected, the extrapolation 
passes the origin, indicating that CpcL,oo 0 . In other words, the biodegradation is really 
completed. The slope of the fitting line is 0.0219 土 0.0005 mL/g，indicating that (dn/dC)dp is 
smaller than {dn/dC)pcL, but the difference is fairly small, which is expected because they are 
water soluble acids. The hydration normally lowers the refractive index in water. Furthermore, 
we have, on the basis of eqs. 5 and 6, 
CpcL’, = A"的—A", 
where An^ is a constant for a given initial copolymer concentration. 
Figure 7 shows the biodegradation-time dependence of Cp^^ tj^pcL o of four PEO-Z)-PCL 
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dispersions with different initial copolymer concentrations. It is clear that for a given enzyme 
concentration, the data points in Figure 7 collapse into a single line and can be represented by 
log(C,/Co)-A：/with K = 0.029 土 0.001 min]. It reveals that the biodegradation indeed 
follows the first-order kinetics. In principle, an enzymatic reaction involves both enzyme and 
substrate molecules. The textbook kinetic theory tells us that the biodegradation rate (dC/dt) is 
proportional to both the enzyme concentration (Ce) and the substrate concentration (C), i.e., 
= (8) 
dt 
where the subscript “t，，denotes at time t and k is the biodegradation rate constant. As a 
catalyst, CE is a constant during the degradation by its definition. Therefore, we have, 
I or \ n ^ = - k C j (9) 
Q CO 
On the basis of Figure 7, K = kCj\og\0 or k = ^ l o g l O / Q = 49 土 3 mL/(gmin). It should 
be stated that we also plotted “(Cpc二" Cpcl.o) versus t，，as well as '\Cpcl’oI ^pcl.i) versus t" to 
check whether the biodegradation could be better represented by the zero-th or the second 
order kinetics. Our fittings (not shown) reveal that eq. 9 represents the best fitting. 
Figure 8 shows the biodegradation-time dependence of of four PEO-^-PCL 
dispersions with different enzyme concentrations for a given copolymer concentration. As 
expected, the biodegradation becomes slower as the enzyme concentration decreases. The 
slope of each line leads to a value of K. On the basis of eq. 9, the plot of “K versus Ce” should 
be a straight line passing the origin. Indeed, it is true, as shown in Figure 9. Here, the slope of 
the fitting line leads to the biodegradation rate constant (A: = 45 土 4 mL/(g min)). In 
comparison, the two values of k obtained respectively from Figures 7 and 9 are fairly close if 
we consider all experimental uncertainties. It should be stated that the main noise could come 
from a possible slow evaporation of solvent from the two cells, which shifts the baseline, if 
the measurement time is too long. In the current study, this had never been a problem. 
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Conclusion 
The enzymatic biodegradation of poly(ethylene oxide)-b-poly(8-caprolactone) (PEO-办-PCL) 
can be in-situ studied inside a novel differential refractometer after its micronization into 
small particles dispersed in water. This refractometry method leads to a novel, rapid, non-
invasive and convenient way to evaluate whether a given polymer is degradable as well as its 
degradation kinetics. It has a definite advantage over other existing methods because it can 
directly measure the in-situ change of polymer concentration as low as 10"^  g/mL with 1% 
accuracy without any assumption due to the proportion of the refractive index change (An) to 
polymer concentration change. Our current study of the biodegradation of PEO-Z?-PCL over a 
wide range of enzyme/copolymer ratios provides a direct evidence that the biodegradation 
indeed follows the first-order kinetics with a reaction rate constant of - 4 7 土 4 mL/(g min). A 
comparison of our current refractometry and previous laser light-scattering results reveals that 
the biodegradation of small polymer particles in dispersions resembles an "all-or-none" 
chemical reaction of small molecules in solution; namely, there exist only two possibilities for 
the two colliding molecules: reaction or non-reaction? In other words, small particles in the 
biodegradation disappear in a one-by-one fashion, not slowly decreasing its size, which is 
very different from the degradation of bulk polymers either in the form of a thin film or a 
granule, which could be attributed to a large surface area of small sub-micro particles. Finally, 
it is worth noting that the current method (a combination of differential refractometry and 
micronization) is readily used to evaluate the degradation of other polymers under different 
experimental conditions, such as pH, temperature and microorganism. 
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Figure captions: 
Figure 1. Novel differential refractometer (Jianke Instrument, Ltd., China) used in this 
study and sketch of its optical path. One divided cell contains a refrence solvent 
or solution with a refractive index of HQ and the other contains a sample solution 
with a slightly different refractive index of ris. 
Figure 2. Zimm plot of PCL-Z)-PEO micelle-like particles dispersed in water. The polymer 
concentration ranges from 1.15 x 10"^  to 5.03 x 10'^ g/mL. 
Figure 3. Hydrodynamic radius distributions {/{Rh)) of PCL-Z?-PEO micelle-like particles 
dispersed in water. 
Figure 4. Schematic of micronization of diblock PEO-办-PCL copolymer chains into small 
micelle-like core-shell particles via dialysis-induced microphase inversion and 
their corresponding biodegradation in water. 
Figure 5. Biodegradation-time dependence of refractive index change (Arit) of PEO-办-PCL 
particles dispersion at 37 where the enzyme concentration was kept a 
constant. 
Figure 6. Initial copolymer concentration dependence of final and maximum refractive 
index change (A^oo, as shown in Figure 5) after a long degradation time. Note 
that CPCL,o is 2/3 of initial PEO-办-PCL copolymer concentration (CPEO-^-PCL) 
since Wpcl’o:Wpeo,o is 2:1. 
Figure 7. Plot of “log(CpcL，t/CpcL,。）versus t" for PEO-ZJ-PCL micelle-like particle 
dispersions with different initial copolymer concentrations. 
Figure 8. Plot of "log(CpcL,t/CpcL,o) versus t" for PEO-Z?-PCL micelle-like particle 
dispersions with different enzyme concentrations. 
Figure 9. Enzyme concentration dependence of apparent biodegradation rate constant (K) 
where K was obtained from the fitting of “log(CpcL，t/CpcL’o) = Kt “ over the 
results in Figure 8. 
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Table 1. Laser light-scattering characterization of small micelle-like PEO-Z)-PCL 
spherical particles dispersed in water at 37 where Wpcl: Wpeo =2:1. 
Mchain ^w,particle A2 <Rg> <Rh> , <p> 
——；r- ^^7—T- Na収 ^ ul<T>^ ^ 
g/mol g/mol mol.cm /g nm nm g/cm 
3.1 X 104 2.9 X 107 9 20 -1.1 X 10-4 73 78 -0 .1 0.024 
F i g u r e 1 
m 
n . ^ A K — — 
i A . ： ： ： ： ： ： ： ： ： ^ ^ ^ ^ ^ ^ ^ z ^ ^ 
D •‘• o .‘• lensV Pinhole Position Sensitive Divided 
Detector (PSD) cuvette 
< H < > 
2f 2f 
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Chaper 4 Appendix 
Fundamentals of light scattering and instrumentation* ^ 
We always encountered with the examples of light scattering in everyday life. In 
sunny day, the blue component of white sunlight is predominately scattered by the 
ozone layer in the atmosphere, giving us the sky with beautiful blue color. Or when 
there is a fog, the light scattering of small water droplets in air made us have poor 
vision even at daytime. Even the color of milk is resulted from the scattering of all 
colored light by protein molecules in solution. Actually, the phenomena we observed 
from the time-averaged intensity of scattered light, that is, static light scattering. 
In laser light scattering, when a monochromatic, coherent light is incident into a 
dilute macromolecule solution, light will be scattered in all direction if the refractive 
indices of the solvent molecules and solute are different. Theoretically, the scattered 
light intensity at each direction would be constant if all the macromolecules or 
particle are stationary when time passes. 
But in reality, these macromolecules are undergoing constant Brownian motion 
and this leads to the fluctuation of the scattering intensity when time elapsed. This 
fluctuation rate can be related to the relaxation processes of the molecules, such as 
diffusion (translation and rotation) and internal motion. Therefore, by measuring this 
fluctuation of intensity /(/) in time domain, i.e. dynamic laser light scattering and the 
time-average scattered intensity I, i.e. static laser light scattering, information of the 
macromolecules can be obtained if the detection area is small enough. 
In polymer science, static laser light scattering is always used to investigate the 
static properties of macromolecules in solution, such as molar mass, radius of 
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gyration and conformation. While the dynamic laser light scattering is used to study 
the dynamics of the macromolecules in solution, such as the translational and 
rotational diffusion process. Combination of static and dynamic measurement gives 
us invaluable information about the physical properties of macromolecules. 
4,1 Static Laser light Scattering 
For a dilute macromolecule solution measured at small scattering angle {6), the 
weight-average molar mass (Mw) and the z-average root-mean square radius of 
gyration {<Rg > or written as of polymer chains can be obtained by the 
following equation, 
KC 1 ( 1/ 
= — q + 2 為 C (4.1.1) 
KM MuA 3\ g " 乂 
where K = 47r\ \dn/dQ^/(NA^o^) and q = (4WAo)sin(6> / 2) with A a^, dn/dC, n’ Ai 
and /lo being the Avogadro number, the specific refractive index increment, the 
solvent refractive index, the second-order virial coefficient and the wavelength of the 
light in vacuum, respectively. Knowing the angular dependence of the excess 
absolute scattering intensity, or Rayleigh ratio Rvv{q), is essential in calculating the 
molar mass and radius of gyration of the macromolecules. 
Practically, this is determined by measuring the scattering intensity of a 
standard such as toluene and then calculated based on the equation as 
(q)=小.-7 一小�一凡 v， .、w — m — ^ r (4.1.2) 
< �standard ^standard 
I and n are, respectively, the time-averaged scattering intensity and the refractive 
index and / is a constant between 1 and 2, depending on the detection geometry of 
the light scattering instrument. If the scattering volume were determined by a slit y 
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would equal to 1. But if the scattering volume were selected by a pinhole much 
smaller than the diameter of the incident beam at the center of the scattering cell, y 
would be 2. Therefore, if the pinhole size is comparable to the mean diameter, y 
would lie between 1 and 2 which is not favored. In practice, we should avoid this 
situation by choosing either a slit or a smaller pinhole. 
4,2 Dynamic light Scattering 
When the scattered field is a Gaussian random process, the correlation functions 
容⑴⑴ and g ( 2 ) � are connected through the Siegert relation 
�= l + (丨)(,)� （4.2.1) 
where g�(,）三[〈五(0)五飞/)〉/ <E(0)£*(0)>] and 容⑵⑴三 [ < / ( 0 ) / � �/ </(0)>^] are the 
normalized field-field and normalized intensity-intensity autocorrelation functions, 
respectively. By evaulating the above equations, the intensity time autocorrelation 
function is obtained 
G(2)( t) = </(0)/(0> = </(0)>2 0 = </(0)>2[l+ I g�（ ,) |2] (4.2.2) 
It is important to relate the 容⑵⑴ with g(”(,）by the above equation as the G(2)(,) and 
</(•)> can be obtained experimentally. But an instrumental parameter (5 (<1) is 
introduced in equation (4.2.4) as the detection area can not be zero no matter how 
small it is and the scattered light detected can not be purely coherent. Thus equation 
(4.2.4) becomes 
(4.2.3) 
where A{=< 7(0) ) is the baseline, t is the delay time, J3is a parameter depending on 
the coherence of the detection optics, and I(t) is the detected scattered intensity or 
- 5 8 -
photon counts at time t, which includes contributions both from the solvent and from 
the solute. 
In general, the relaxation of �i n c l u d e s both diffusion (translation and rotation) 
and internal motions of the particles. If we only consider the translational diffusion 
relaxation of a polydispersed polymer sample with a continuous distribution of molar 
mass M, 
|g(i)(/)| = [ G ( r ) e " d r (4.2.4) 
where G(r) is called the line-width distribution and G(r)dr is the statistic weight of the 
particles or macromolecules which possess line-width F. Since the measure 
d G � ( / ) can 
be converted to |g(i)(,)| by the Laplace inversion program CONTIN, the line-width 厂 
can be obtained. And r can be related to C and q by 
r / � 2 + 知0(1 (4.2.5) 
where D is the translational diffusion coefficient of the solute molecule at C ^ 0, kd is 
the diffusion second virial coefficient, and / i s a dimensionless parameter depends on 
the polymer chain structure, polydispersity and solvent quality. D, f , and k^ can be 
2 2 2 2 obtained from the plots of (Ylq )c->o,^o, (F/^ )c->o vs. q and (Ylq vs. C, 
respectively. Since both thermodynamic and hydrodynamic interactions contribute to 
kd, it be further expressed as 
h = - CdA^a^hVMv (4.2.6) 
where Co is an empirical positive constant. 
When C-^0 and 6 -^0, T/q^ can be further simplified to 
(4.2.7) 
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By the definition of �（01, G{D) = 一 G ( r ) , Thus G(r) can be converted to the 
translational diffusion coefficeint distribution G(D) and further to hydrodynamic 
radius distribution/T^h) by the Stokes-Einstein equation 
Rh = k^TI6nriD (4.2.8) 
In the equation, the Jcb, T, and RJ is the Boltzmann constant, the absolute temperature, 
and the solvent viscosity, respectively. While rest of the parameters are measurable 
by other method. Calibration is no need and thus the particle sizing of polymer chains 
by dynamic laser light scattering can be considered as an absolute method. 
4,3 Correlation function profile analysis 
By obtaining (？⑵⑴，�(,)| can be determined through equation (4.2.3). G(r) and 
G{D) can then be computed from the Laplace inversion ofVi)WI.7-ii Laplace inversion 
programs were helpful in determining desired information, especially in terms of the 
—— —— —— 
average line width F = r ( 7 ( r ) dT and the relative width (jU2/r^) of the line-width 
Jo 
distribution (G(r)) with 
JU2= R ( R _ F ) 2 C 7 ( R ; H (4.3.1) 
Jo 
But the Laplace inversion also have its limitation and ill-conditioned problem. Due to 
the limited number of data points and the bandwidth limitation of photon correlation 
instruments, some unavoidable noises in the measured time correlation function 
appeared. This would cause the 容⑴① obtained could not always provide necessary and 
sufficient information to determine C7(r) u n i q u e l y , 3 Therefore, it is important to 
keep the sample solution thoroughly cleaned by dust-free process as reducing noise is 
very important in the measured intensity intensity time correlation function. Or the 
noise would cause large error in the Laplace inversion. Many computation program of 
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Laplace inversion were developed and improved due to the rapid increase of personal 
computer speed. Among many programs, the CONTIN program is one of the most 
widely used and accepted programs for this computation. This program contains 
safeguarding constraints to avoid the ill-posed nature of the inversion. An early 
method of analysis was based on a cumulant e x p a n s i o n o f the correlation 
function 
⑴(,)| = + + … （4.3.2) 
00 _ .m 
=1 + 认 ( r ) — 
7 m 
where k 爪 = ( - 1 广 — — I n g � ( 0 is the m''' cumulant of and 
_ dt"" 丄=0 
>00 — 
A = (r - r)' G(r) dr . Eq. (4.3.2) may be fitted by a least squares routine to the •) 
correlation function and values for 1^ 2, jj-s, ... obtained. The average width 
r= J^rG(r) dr is the mean relaxation time. The variance is juj!T where /ui = 
CO — — ) 
(r - r) G(r) dr . For low q, qR < 1 and F = Dq , where D is a z-average 
JQ 
translational diffusion coefficient. 
— —7 
The use of CONTIN could yield reliable F and //2/r values under all conditions as 
long as the measured time correlation function was obtained within a proper 
bandwidth range and the photon counts have sufficient statistics, e.g., the baseline (A) 
has a total counts over 10^. 
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4.4 Molar mass distribution and conformation of polymers 
Another important part of polymer characterization by laser light scattering is the 
determination of molar mass distribution. According to the definition in dynamic 
LLS, 
00 
[ / ) « ] , ‘ = 〈 五 ⑴ 五 二 [G{Y)cir cx</> (4.4.1) J 
0 
where <I> {= < / > s o i u t i o n - < / > s o i v e m ) is the net average scattering intensity. On the other 
hand, in static LLS, when C—0, and 0, 
00 
Rvv(^-^O) oc</> oc Mv oc J / w ( M ) M 謝 （4.4.2) 
0 
where 从 M ) is a differential weight distribution. A comparison of Eqs. (4.4.1) and 
(2.4.2) leads to 
00 00 
'G{r)dr oc \fJM)MdM (4.4.3) 
0 0 
where G(r) oc G(D) and dT cc dD because F = Dq\ Therefore, Eq. (4.4.3) can be 
rewritten as 
"r dD "r 
G(D)——dMoc f^{M)MdM (4.4.4) 
It has long been theoretically predicted and experimentally proven that the 
translational diffusion coefficient D and be related to the molar mass according to the 
scaling relationship as^^ 
D ^ k j . M ' " ' (4.4.5) 
where A:d and o^ d are two scaling constants. The conformation of polymer chains can 
be seen from the value of ot)." For a flexible polymer chain, 0.5<«0<0.6 in a good 
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solvent whereas a^ = 0.5 for polymer chain in a Flory 0 solvent. On the basis of Eq. 
(4.4.5), Eq. (4.4.4) can be rewritten as 
MM) oc ^ ^ oc (4.4.6) 
M dM 
where all proportional constants have been omitted because they are irrelevant to a 
given distribution. According to Eqs. (4.4.5) and (4.4.6), the values of fe and ao are 
needed to transform D to Mand G{D) to 
2 \ n 
By combining the z-average root-mean square radius of gyration {<Rg > or 
written as <Rg>) and the hydrodynamic radius <Rh> from the static and dynamic laser 
light scattering measurement respectively, a very useful dimensionless parameter was 
generated. For example, a polymer with linear coil chain in good solvent would have 
<Rg>/<Rh> value of about 1.5. Or if it is a non-draining uniform sphere, the 
1 n 
<7?g>/<7?h�would be (3/5) . While for a normal hyperbranched polymer cluster, the 
19 22 
<7?g�/<i?h> is about 1.0-1.3 depends on the branching degree. _ 
4.5 Instrumentation 
A modern commercial light scattering spectrometer used in our laboratory mainly 
consists of light source, the optics, the cell holder and the detector. 
4.5.1 Light source 
The light source we used is a He-Ne laser with wavelength of 632.8 nm and an 
output power of 22 mW. Typically, as a light source in Laser Light Scattering 
measurement, the beam amplitude noise should be lower than 0.5 percent or the noise 
level of the intensity-intensity time correlation function in dynamic Laser Light 
Scattering will be affected. While for time-averaged scattered light intensity 
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measurement, long-term amplitude stability less than 士 1 percent is required. 
Moreover, both the beam point and intensity stability are also important since a very 
good alignment of the light beam is always crucial for normal static Laser Light 
Scattering measurement. 
4.5.2 Cell design 
The mechanical parts of our Laser Light Scattering instrument is called goniometer 
including a cell holder and an co-axial and accurately angular-controlled rotatable 
arm on which the fast and sensitive avalanche photo diode (APD) detector is located. 
The cell holder consists of a hollow Telfon block with an inside diameter of 17 mm 
to hold the small scattering cuvette. The block is placed inside an index matching vat 
cylinder polished in cylinder-lens quality and filled with a refractive index fluid 
(toluene) whose refractive index close to that of cuvette glass so that it can reduce 
surface scattering and the curvature of the scattering cuvette. The temperature of 
index matching vat is precisely controlled by water circulation form a thermostat. 
4.5.3 Detector 
A high quantum efficiency avalanche photo diode (APD) detector in Geiger mode is 
used. APD detector has a higher photon count rate than a conventional photo 
multiplier tube (PMT), leading to a faster and more sensitive response to photon 
irritations. Overall quantum efficiencies of 70 percent at 633 nm are reachable for 
modern APDs, which is very suitable for the light source we are using as the range of 
wavelength for the maximum performance of the detector lies between 600 nm to 
750 nm. The output signal is then treated by amplifier before it is connected to the 
multiple tau digital time correlator situated in a PC computer. The APDs show a very 
low dark count contribution and response to signal pulse quickly enough for dynamic 
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light scattering sampling. The rotatable arm makes it possible for the APD detector to 
get both dynamic and static data at different angles. 
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